We demonstrate a spurious contribution to low-frequency critical current noise in Josephson junctions-normally attributed to charge trapping in the barrier-arising from temperature instabilities inherent in cryogenic systems. These temperature fluctuations modify the critical current via its temperature dependence. Cross-correlations between measured temperature and critical current noise in Al-AlOx-Al junctions show that, despite excellent temperature stability, temperature fluctuations induce observable critical current fluctuations. Particularly, because 1/f critical current noise has decreased with improved fabrication techniques in recent years, it is important to understand and eliminate this additional noise source. At low frequencies f, the critical current I 0 of a Josephson tunnel junction fluctuates with time, yielding a power spectrum S I 0 ðf Þ that scales approximately as 1/f. [1] [2] [3] [4] [5] [6] [7] [8] It is generally accepted that the noise arises from the uncorrelated trapping and subsequent release of electrons in the tunnel barrier;
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2-5,9-12 a trapped electron decreases the junction transparency locally, reducing the critical current. The superposition of the resulting random telegraph signals produces 1/f noise. 13 This noise has long been a limitation on the resolution of SQUIDs (superconducting quantum interference devices), particularly in high transition temperature (T c ) devices. Current bias reversal schemes, however, can reduce the effect of the noise drastically.
1,3 Furthermore, critical current noise may eventually become a limitation to the decoherence time of superconducting qubits such as flux and phase qubits, the transmon, and the quantronium. 7, [14] [15] [16] In the case of the flux qubit, for example, critical current noise-unlike flux noise-causes decoherence even at the degeneracy point, since it directly modulates the energy level splitting.
In 2004, Van Harlingen et al. 7 compiled a number of published critical current noise data obtained from ex-situ fabricated Josephson tunnel junctions and found that the scaled noise power at 1 Hz, AS I 0 ð1 HzÞ=I 2 0 , where A is the junction area, was relatively constant-consistent with the charge trap model. Furthermore, it was reported that S I 0 ð1 HzÞ scaled quadratically 6, 17 with temperature T. Subsequently, significantly lower values of S I 0 ð1 HzÞ were reported in in-situ fabricated junctions, and it was found that S I 0 ð1 HzÞ scaled linearly with T. [18] [19] [20] [21] [22] [23] The scaling with temperature is important both to understand the underlying charge-trapping mechanism and to calculate dephasing in qubits. Currently, the magnitude of the critical current noise is too small to be measured directly at typical qubit operating temperatures of tens of millikelvin, and must be extrapolated from higher temperatures. 7 In this Letter, we show that even small temperature fluctuations, which modulate I 0 ðTÞ via its temperature dependence, can contribute significantly to low-frequency critical current noise in addition to the intrinsic charge trapping mechanism. Moreover, because both temperature stability and the sensitivity of the critical current to changes in temperature vary as functions of temperature, this mechanism can distort the spectrum and temperature dependence of the observed critical current noise. For the particular case of our dilution refrigerator, we show that, for low-noise Al-AlOxAl junctions, the temperature-induced noise can dominate for TտT c =3.
In our experiment, the temperature control is typical of that for temperature-stabilized measurements above the base temperature of a dilution refrigerator. We raise the temperature of the mixing chamber (MXC) by passing a current through a resistor thermally anchored to it. The magnitude of the current is controlled by a digital proportional-integral-derivative (PID) feedback loop updated at 10 Hz, where the thermometer-germanium, in our case-is close to the resistor. The silicon chip on which the junctions are grown is attached to a fiberglass carrier mounted inside a copper box. The box is bolted to the bottom of a cold finger attached to the MXC. The thermal mass of the sample and its thermal conductivity to the MXC, both of which can vary with temperature, define a thermal filter time constant s chip , so that temperature fluctuations at frequencies well above 1=2ps chip are filtered out while those well below are transmitted to the junctions under investigation. In our system, s chip is of the order of a few seconds. We note that Nyquist noise generated in the resistive shunts of the junctions is likely to dominate the intrinsic critical current noise at frequencies above typically 0.1 to 1 Hz, so that accurate measurements of critical current noise require frequencies as low as 10 À3 Hz. For our measurements, we used a SQUID, rather than a single junction, simply because we became aware of the temperature-induced critical current noise in the course of investigating low-frequency noise in SQUIDs. In all of the a) santon@berkeley.edu. experiments reported here, we flux bias the SQUID at nU 0 , so that the flux noise vanishes (n is an integer and U 0 h=2e is the flux quantum). Thus, at low frequencies, the two junctions behave as a single junction with critical current I 0 given by the sum of the individual critical currents and an area given by the sum of the two areas. The SQUID loop was fabricated from Nb and was completed with shadow-deposited Al-AlOx-Al junctions that were resistively shunted to remove hysteresis in the current-voltage characteristics. For each junction, the critical current was approximately 5 lA, and the junction area was 0:5 lm 2 , corresponding to a self-capacitance C of approximately 50 fF. The shunt resistance was R ¼ 18 X, yielding a hysteresis parameter b c 2pI 0 R 2 C=U 0 % 0:25, so that the junctions were overdamped. The loop inductance L was approximately 7.1 pH, corresponding to b L 2LI 0 =U 0 % 0:03.
0003-
Our measurement configuration, described in detail elsewhere, 24 consists of a SQUID shunted by the series combination of a compensating resistor R c % 0:5 X, a choke inductor, and the superconducting input coil of a readout SQUID, operated in a flux-locked loop. The choke prevents cross-talk between measured and readout SQUIDs at the Josephson frequency. To make a measurement, we increase the bias current I b through the measured SQUID until a voltage appears across it, resulting in a current flowing through R c and the input coil of the readout SQUID. We cancel this current by applying a current I r through the compensating resistor R c . We repeat this procedure while varying the current in a coil coupled inductively to the SQUID until I 0 reaches a maximum, corresponding to a flux nU 0 . We acquire data with essentially zero static current flowing around the measurement circuit. Because R c is much less than the SQUID dynamic resistance, the SQUID is effectively voltage biased at I r R c , typically 1À5 lV. Under these conditions, a small critical current fluctuation dI 0 produces the same current change in the input coil of the readout SQUID. All lines are heavily shielded, and the circuit is mounted in a copper box that, for magnetic shielding, is Pb-plated on the inside and surrounded by a Pb can inside a Cryoperm shield.
To characterize the temperature dependence of the critical current, in Fig. 1(a) , we plot I 0 ðTÞ=I 0 ð0Þ vs. T for the measured SQUID, compared with the Ambegaokar-Baratoff 25 prediction I 0 ðTÞ ¼ ½pDðTÞ=2eR N tanh½DðTÞ=2k B T. Here, we normalize the energy gap 26 DðTÞ to Dð0Þ ¼ 1:76k B T c , where T c ¼ 1:27 K is the measured transition temperature and R N is the resistance of an unshunted junction at voltages above 2DðTÞ=e. We take the measured value of the bias current at a SQUID voltage of 1:25 lV as I 0 . The measured temperature dependence is in excellent agreement with the prediction. To determine dI 0 ðTÞ=dT, we increased the temperature by a small amount dT, typically 10 mK, and measured the change in the current in the input coil. Figure 1(b) shows that the measured and predicted values of dI 0 ðTÞ=I 0 ð0ÞdT vs. T are in good agreement. As a check on our methodology, we showed that with the measured SQUID in the superconducting state, the temperature change dT produced no discernible change in the output of the flux-locked loop.
To characterize the role of temperature stability in critical current noise measurements, we first stabilized the temperature of the SQUID at 0.4 K using the PID feedback loop. Once the temperature had stabilized, at 2 Hz we sampled simultaneously the measured temperature and the output from the flux-locked loop for three different sets of PID parameters, which yielded different amplitudes of temperature noise. Importantly, our temperature readings are electronically unfiltered in the sense that we disable the low-pass filters typically used in commercial temperature controllers. For example, the LakeShore Model 370 AC Resistance Bridge, used in our measurements, by default applies a 10-s linear moving average to the output temperature reading. While the actual temperature noise remains unchanged, the filter reduces the magnitude and distorts the spectral and temporal response of the measured noise.
In Fig. 2(a) , we plot a typical 20-min time trace of the temperature fluctuations for three settings of the PID feedback loop, A, B, and C. The noise evidently increases from A to C. The standard deviations r T of the temperature fluctuations are 8, 13, and 26 lK for A, B, and C, respectively. Figure 2(b) shows the corresponding time series for the critical current variations. In run C, the critical current is clearly highly anti-correlated with the temperature. In run A, however, the level of correlation is not discernible.
To quantify the correlation between temperature and current variations, in Fig. 3 , we plot the normalized crosscorrelation function R TI 0 ðsÞ between the temperature and critical current for each time series shown in Fig. 2 observations in Fig. 2 . As the temperature noise decreases, the maximum in R TI 0 ðsÞ drops correspondingly to 0.54 and 0.13 for runs B and A, respectively. The lag time at which the peak in R TI 0 ðsÞ occurs is related to the low-pass temperature filter discussed previously.
Whereas R TI 0 ðsÞ characterizes correlations in the time domain, we are particularly interested in frequencydependent correlations. In Fig. 4(a) , we plot the normalized cross-spectral density (coherence) S 2 TI 0 =S T S I 0 for each run; S TI 0 is the cross-spectrum of temperature and critical current. As f increases from 10 À3 Hz, the coherence retains its maximum value until about 10 À2 Hz, above which it decreases, becoming essentially zero for f > 0:1 Hz. The near-unity coherence in run C (blue) for f < 10 À2 Hz indicates that the temperature and critical current variations are almost completely correlated, so that most of the critical current fluctuations at these frequencies originate from temperature fluctuations. Runs B (red) and A (black) exhibit a smaller maximum coherence, consistent with our analysis in the time domain.
In Fig. 4(b) , for run C, we plot the measured current noise S I 0 ðf Þ and the temperature noise, scaled to a current noise: S I 0 ;T ðf Þ ¼ ½dI 0 ðTÞ=dT 2 S T ðf Þ. As expected, the spectra converge at low frequencies. As the frequency increases, however, the spectra no longer coincide and show significant differences, which we explain by two effects. First, because of the low-pass temperature filter discussed earlier, temperature variations at the MXC for f > 1=2ps chip % 0:05 Hz are strongly attenuated when they reach the SQUID. Second, Nyquist current noise generated by the resistive shunts in the SQUID dominates the current noise generated by temperature variations for f > 0:2 Hz.
We remark that S T ðf Þ in our system scales approximately as 1=f 1:7 between roughly 10 À1 and 10 À3 Hz. Because the power spectrum of a quantity with a linear drift scales as 1=f 2 , we investigated the effect of drift in our system. By computing a linear regression of each measured time trace and the corresponding power of that linear drift, we find that drifts account for at most 0.2% of the total noise power. Because of the roll-off from the low-pass temperature filter, S I 0 ðf Þ scales as 1=f 2:2 for 0:01 Hz < f < 0:1 Hz. The measured slope of À2.2-too large to have originated from charge trapping, which is expected to scale approximately as 1/f over a wide frequency range-is apparent only in long measurements taken to sufficiently low frequencies. Thus, it is conceivable that a short measurement yielding S I 0 ðf Þ, dominated at low frequencies by temperature variations, could produce a spectrum that mimics the expected 1/f noise in a narrow frequency range near the "knee," the intersection with the white noise.
To investigate the effect of temperature noise at different temperatures, in Fig. 5 
Qualitatively, at high enough temperatures, the effect of the temperature noise dominates that of charge-trapping, even for the highest temperature stability. For junctions with noise given by Eq. (1), the temperature-induced noise is larger in both Al and Nb junctions only for Tտ0:75 T c . However, lower noise junctions obeying Eq. (2) are particularly difficult to measure, since temperature noise dominates at temperatures above T c =4 in Nb junctions and T c =3 in Al junctions. Consequently, as fabrication technologies improve and critical current noise is lowered, measurements of the noise become increasingly susceptible to temperature fluctuations.
There are several strategies to reduce the relative effect of temperature variations on measurements of critical current noise. (1) One can increase s chip by decreasing the thermal conductivity to the MXC. While this strategy readily removes temperature-induced critical current fluctuations at frequencies above, say, 10 À3 Hz, the corresponding time to stabilize the junction temperature at a given value would be correspondingly long, several hours. (2) One can measure the noise in two or more matched junctions in physical proximity. Low-frequency temperature variations produce highly correlated changes in the critical currents of the junctions, whereas noise caused by charge-trapping is uncorrelated between the junctions. Thus, removing the correlated noise leaves the intrinsic charge trapping noise. (3) In the case of unshunted junctions, one can deduce critical current noise from fluctuations in R N , since I 0 and R N are subject to precisely the same fluctuations in the barrier transparency: 10, 18, 20, 27 at a given temperature, S I 0 ðf Þ=I In conclusion, we have shown that temperature variations inherent in cryogenic systems, caused by imperfect temperature control, can contribute significantly to critical current noise, adding to the noise generated by charge trapping in the barrier. This contribution is temperature dependent, potentially confounding studies of the temperature dependence of the intrinsic critical current noise. Measurements on junctions with very low values of critical current noise using cryostats with poor temperature stability are particularly prone to this problem. For our measurement system with Al-AlOx-Al junctions, temperature fluctuations dominate the intrinsic critical current variations for T > T c =3.
